We report the results of low-temperature thermal and magnetic measurements on Ba 3 CoNb 2 O 9 powder, described as a uniform triangular-lattice antiferromagnet (TLAF) with a fictitious spin-1/2. Ba 3 CoNb 2 O 9 is found to undergo two-step antiferromagnetic transitions at T N1 = 1.39 K and T N2 = 1.13 K. As the magnetic field is increased, both T N1 and T N2 monotonically decrease.
This leads to the almost isotropic g-factor and exchange interaction between effective spins, unlike those in typical Co 2+ compounds [15, 16] . Actually, the electron paramagnetic resonance measurement revealed the almost isotropic g-factors of 3.84 and 3.87 for H ab and H c, respectively [16] .
When a magnetic field is applied parallel to the ab plane, the quantum 1/3 magnetization plateau is clearly observed [16] . Ba 3 CoSb 2 O 9 is the first example for which it was experimentally shown that the entire magnetization process including the quantum 1/3 plateau exhibits good quantitative agreement with theoretical calculations. In addition, we have found a possible high-field quantum state at approximately 3/5M s for H ab. To obtain a deeper understanding of the quantum phenomena in TLHAFs, it is worth investigating similar Co 2+ -based materials and to compare the similarities and differences between their magnetic properties.
In this paper, we thus study the Nb-analog compound, Ba 3 CoNb 2 O 9 , through lowtemperature magnetization and specific heat measurements. Ba 3 CoNb 2 O 9 crystallizes in a hexagonal structure with the space group P3m1 [20] [21] [22] . Neighboring NbO 6 octahedra in Ba 3 CoNb 2 O 9 are linked sharing their corners, while for Ba 3 CoSb 2 O 9 , neighboring SbO 6 octahedra are linked sharing their faces [20, 22, 23] . Because of the highly symmetric crystal structure, the antisymmetric DM interaction is absent between the first-, second-and third-neighbor spins in the triangular lattice and between all spin pairs along the c axis in both compounds.
II. EXPERIMENTAL DETAILS
Ba 3 CoNb 2 O 9 powder was prepared by the chemical reaction:
Reagent-grade materials were mixed in stoichiometric ratios and calcined at 1200
• C for 20 h in air. Ba 3 CoNb 2 O 9 was sintered at 1500
• C for more than 20 h after being pressed into a pellet. The brown powder samples obtained were confirmed to be Ba 3 CoNb 2 O 9 by X-ray diffraction.
The specific heat was measured in the temperature range of 0.5 K to 300 K and under magnetic fields of up to 9 T using a physical property measurement system (PPMS, Quantum ions at the center of CoO 6 octahedra form a uniform triangular lattice in the ab plane.
Design) by the relaxation method. We also conducted magnetic measurements down to 0.4 K and up to 7 T using a SQUID magnetometer (MPMS XL, Quantum Design) equipped with an iHelium3 option (IQUANTUM).
III. RESULTS
The main panel of Fig. 2 shows the temperature dependence of the specific heat in Ba 3 CoNb 2 O 9 divided by the temperature C/T measured in the absence of a magnetic field.
As the temperature decreases from 10 K, C/T increases gradually and exhibits two pro- nounced peaks at T N1 =1.39 K and T N2 =1.13 K indicative of successive magnetic phase transitions. These two phase transitions are also confirmed by the magnetization measurements shown below.
Because Ba 3 CoNb 2 O 9 is a magnetic insulator, the measured specific heat can be expressed as a sum of magnetic and phonon terms. The high-temperature specific heat shown in the inset of Fig. 2 is attributed to the phonon specific heat. With decreasing temperature, C/T at approximately 10 K becomes almost zero, in contrast to that at lower temperatures. This indicates that the low-temperature specific heat below ∼10 K is mostly of magnetic origin, and the phonon contribution is negligible. We thus evaluate the magnetic entropy S mag of Ba 3 CoNb 2 O 9 by integrating the measured C/T with respect to T below 10 K [24] . The entropy gain is estimated to be 0.43 R ln 2 at T N1 and 0.60 R ln 2 at T N2 . With further increasing temperature, S mag increases gradually and approaches approximately R ln 2 at 10
K. This provides evidence that a pseudospin-1/2 description is indeed valid for Ba 3 CoNb 2 O 9 when T < 10 K. Below T N2 , the specific heat is proportional to T 3 with no residual term, which indicates the 3D spin-wave dispersions in the ordered state. increasing magnetic field, the two peaks associated with T N1 and T N2 shift to lower temperatures and become smeared. T N1 and T N2 are no more detectable for H > 3.7 T and H > 3.0 T, respectively. At a higher field of 4 T, a broad maximum can be observed around T max = 0.7 K. As shown in Fig. 3 (b), T max shifts to higher temperatures with increasing field, while the peak height monotonically decreases. A solid curve is fit to the C/T data at 9 T using the following Schottky formula:
where N, which is the number of atoms, and the g-factor are free parameters. Equation
(1) expresses the Schottky specific heat due to the Zeeman splitting of an S = 1/2 spin without exchange interaction between spins. The experimental data for the case of 9 T is well reproduced by eq. (1) with g = 3.0, which is in good agreement with the results obtained from the magnetization measurements shown below. The deviation of the fitting curve from the experimental data at high temperatures is ascribed to the phonon contribution. It is also found that although T max and the peak height of the Schottky anomaly vary with the applied field, the magnetic entropy S mag at 10 K is close to R ln 2, irrespective of the applied field. This is further evidence for the pseudospin-1/2 description of Ba 3 CoNb 2 O 9 . g-factor of 3.0.
As seen from Fig. 4(b) , the magnetization anomaly at H s is considerably sharp in spite of powdered sample. If the g-factor and/or exchange interaction are anisotropic, the saturation field depend strongly on the field direction, so that the magnetization anomaly at H s for powdered sample should be smeared. The sharp magnetization anomaly at H s observed in Ba 3 CoNb 2 O 9 demonstrates that both of the g-factor and exchange interaction are nearly isotropic, as in the case for the Sb-analog compound [16] . Figure 5 shows the magnetic phase diagram of Ba 3 CoNb 2 O 9 , determined via specific heat and magnetization measurements. It has been theoretically shown that two-step magnetic ordering occurs in TLAFs when the magnetic anisotropy is of the easy-axis type, while the ordering is single-step when the anisotropy is of the easy-plane type [25, 26] . Thus, we infer that the successive phase transitions observed in Ba 3 CoNb 2 O 9 arise from easy-axis magnetic anisotropy. Note that the magnetic anisotropy in Ba 3 CoSb 2 O 9 is of the easy-plane type [16] . A small difference in the trigonal crystal field gives rise to different signs of magnetic anisotropy in these two compounds.
For the powder sample with hexagonal symmetry, the physical anomaly for the case of H ⊥ c is more pronounced than that for H c because the probability of H ⊥ c is twice as large as that of H c. This was observed in the magnetization process of Ba 3 CoSb 2 O 9 powder [15, 16] . Thus, we deduce that the phase diagram shown in Fig. 5 [27] , but similar to that for a 3D TLAF with easy-axis anisotropy, in which the antiferromagnetic interlayer exchange interaction is of the same order of magnitude as the intralayer exchange interaction, as discussed theoretically by Plumer et al. [28, 29] . Note that when the antiferromagnetic interlayer exchange interaction is much larger than the intralayer exchange interaction, both T N1 and T N2 increase with increasing magnetic field, as observed in CsNiCl 3 [30] . For quasi-2D TLAF with easy-axis anisotropy, the temperature range of the intermediate phase becomes narrow and vanishes with increasing magnetic field for H ⊥ c [27] . Thus, we infer that Ba 3 CoNb 2 O 9 can be magnetically described as an antiferromagnetically stacked 3D TLAF with easy-axis anisotropy. The reason why the intralayer exchange interaction is so small as compared with that in Ba 3 CoSb 2 O 9 will be discussed later.
Possible spin configurations at each magnetic phase of Ba 3 CoNb 2 O 9 are illustrated by arrows in Fig. 5 . With decreasing temperature, the c axis component of the spin becomes ordered at T N1 with the ferrimagnetic structure in the ab plane as S In Ba 3 CoSb 2 O 9 , in which the antiferromagnetic intralayer exchange interaction is much larger than the interlayer exchange interaction, the quantum 1/3 magnetization plateau was clearly observed in both the powder [15] and single crystals [16] , while no such feature was detectable in Ba 3 CoNb 2 O 9 powder samples. When the antiferromagnetic interlayer exchange interaction is comparable to the intralayer exchange interaction, the spin components perpendicular to the magnetic field form a triangular structure as shown in Fig. 5 . With increasing magnetic field, the spin component parallel to the magnetic field increases and the canting angle θ decreases to become zero at a finite temperature. This leads to a transition from the triangular state to the collinear state [29] .
Next, we discuss the reason why the antiferromagnetic intralayer exchange interaction ions. We infer that for M = Nb, antiferromagnetic and ferromagnetic superexchange inter-
mostly cancel out, so that the resultant antiferromagnetic exchange interaction becomes small. However, for M = Sb, the superexchange interactions through these two paths are both antiferromagnetic, and the total antiferromagnetic exchange interaction is enhanced.
For this reason, the antiferromagnetic intralayer exchange interaction in Ba 3 CoNb 2 O 9 could be much smaller than that in Ba 3 CoSb 2 O 9 . In order to determine the detailed magnetic parameters, further experimental and theoretical approaches such as a neutron scattering measurement and density-functional calculations are needed.
IV. CONCLUSION
In summary, we have performed low-temperature specific heat and magnetization mea- Fig. 5 , which is considered to approximate that for H ⊥ c, is in accordance with that for a TLAF with a strong interlayer exchange interaction and small easy-axis anisotropy [28, 29] . Therefore, Ba 3 CoNb 2 O 9 can be described as an S = 1/2 antiferromagnetically stacked 3D TLAF with easy-axis anisotropy, in contrast to quasi-2D Ba 3 CoSb 2 O 9 [15, 16] . Note that our conclusion is different from the conclusion by Lee et al. [32] , although most of our experimental results are consistent with theirs. They attributed the field-induced phase transitions observed in Ba 3 CoNb 2 O 9 to quantum fluctuations characteristic of quasi-2D TLAF. Ba 3 CoNb 2 O 9 could be a useful model for obtaining a comprehensive understanding of the S = 1/2 TLAFs.
